Production of district heat is increasing in Norway, and this paper simulates the possibility to use its abundant national resources of forests and/or natural gas as energy carriers. In this study we analyze an idealized future energy scenario and compare the climate impacts from using forest biomass or natural gas as energy sources. Results show that bioenergy is a better energy option than natural gas, mainly thanks to the cooling contributions from the change in surface albedo that can more than offset the warming associated with biogenic CO 2 .
Introduction
Norway, like many countries, has realized the need to extensively plan its future energy production system. Domestic heating is dominated by electricity, but the district heating sector via direct combustion route is steeply growing. The use of fossil sources like natural gas and oil in is discouraged by their nonrenewable essence and by the negative effects and risks on the environment (especially climate change). Given the abundant forest resources available in the country, there is an increasing interest to understand the possible climate impacts associated with bioenergy production systems.
The climate impact of bioenergy systems based on forests has been deeply studied in the scientific community [1] [2] [3] [4] , and the default assumption of climate neutrality of renewable bioenergy systems has been overcome [5] [6] [7] . Recent research contributions clearly show that carbon neutral does not mean climate neutral and made possible to compute direct climate responses to biogenic CO 2 emissions from biomass combustion, so treating biogenic CO 2 as the other Greenhouse Gases (GHG) [2, 5, [8] [9] [10] . Several climate metrics, both normalized and absolute (i.e., time distributed), can be calculated [10, 11] , and used to generate results specific for the system in question after characterization of emissions (as done in this paper). High resolution metrics can be elaborated on a site specific basis [2] using chronosequences of Net Ecosystem Productivity (NEP) derived from empirical measurements via flux towers directly established at the interface between forest canopy and the atmosphere [12, 13] . Beyond CO 2 fluxes, forest harvest can alter the surface energy balance and influence global climate substantially through changes in surface albedo (i.e., reflectivity of solar radiation) [14, 15] , especially in areas affected by seasonal snow cover. Changes in albedo take place when the solar reflective property of the surface is perturbed, as it occurs after a harvest event. This temporary perturbation causes a cooling contribution thanks to the higher reflective property of snow covered open areas than forest canopy, and is a function of the biomass rotation period when albedo reverts back to the pre-harvest value after a certain time. In some cases the cooling contribution from changes in albedo can more than offset the warming associated with CO 2 emissions following harvest [2, 16, 17] . The magnitude of these global climate impacts are site-specific and can be empirically measured and expressed in terms of radiative forcing, so that respective climate metrics can be derived [2, 11, 18] .
In this paper, we compare the climate impacts of using forest biomass or natural gas for producing district heat at increasing rates over the next 100 years. The work uses an idealized example scenario and studies the impacts during the energy production period and the following long term response of the atmosphere and climate system once emissions cease. This is done in order to analyze the climate impacts of continuously increasing emissions and to test the degree of permanence of the impact associated with the respective energy production option. Results are presented both in terms of single direct emissions and net impact given by the inclusion of life-cycle GHG emissions and changes in surface albedo. Specific data and information are gathered from existing scientific articles, and calculation procedures stem from direct application of the key physical findings provided in the selected references and described in the methodology section together with the main sources for data and equations. Limitations of this analysis are also discussed.
Methodology

District heat production
Aggregated data on production of district heat in Norway are gathered from the website of Statistic Norway. As shown in Fig. 1 , production of district heat steeply increased over the last decade, with the main contributors to the production in 2011 being waste incineration (53%), bioenergy (21%), and fossils (7%). In this analysis, we model a future hypothetical scenario for the next 100 years in which the production of district heat constantly increases at a rate of 1% per year, with the production in 2011 used as basis (and equal to 6072 GWh of fuel used). Keeping the production mix in 2011 constant, such increase in energy production is attributed to combustion of either forest bioenergy or natural gas, and the resulting impacts on climate compared. The following emissions differ due to the different heating value of the fuels (19 MJ per kg for forest biomass and 45 MJ for natural gas), so yielding to a higher CO 2 emission profile for the bioenergy case. However, bioenergy is produced from a managed forest where trees re-grow after harvest, so that emissions are over time compensated by the following sequestration (as shown in the results). The use of forest biomass in this future scenario will lead to a total amount of wood harvest for district heat of approximately 2 Mton, which represents about 47% of the total commercial wood removal of industrial roundwood in Norway (8.5 Mm 3 ) , meaning that such a scenario would gradually require to nearly double the current wood extraction rate from Norwegian forest in 100 years. This is evidently an unlikely scenario, and it is used here to represent an extreme upper bound option. 
Climate impacts of emission profiles
The climate impacts of the emission profile from the cases above can be characterized by a convolution between the specific CO 2 emission profile p(t) (in g per year) and the climate response of interest r(t):
The response r(t) can represent either an Impulse Response Function (IRF), radiative forcing, or temperature, depending on the end point considered, and it can be specified per unit mass of emission (e.g., kg CO 2 ) or per unit energy (e.g., per MJ, as done when results for the entire LCA are calculated). Fig. 2 shows the unit responses in terms of IRF and instantaneous global surface temperature change for a CO 2 emission pulse from fossils (or deforestation) and biogenic CO 2 from combustion of regenerative biomass. In simple terms, IRFs describe the atmospheric decay of the gas, i.e. the fraction of the initially added gas that is still found in the atmosphere over time. They represent the physical basis of the climate impact of an emission, and can be used to compute the different metrics and impact profiles, like changes in surface temperature, through the cause-effect chain [11, 19] . For the IRF of biogenic CO 2 , this curve is specific for the biomass system analyzed, which in this case is representative of the post-harvest dynamics in Hedmark (one of the major logging areas in Norway). The regeneration of the biomass and therefore the sequestration profile (as dictated by NEP) is treated as negative emissions and is included in the IRF in Fig. 2 . It follows that it should not be considered again as an emission profile to avoid double counting. In this case, we consider a fully grown forest that is harvested (with residues left on site) and then left to naturally re-grow up to its original state, achieved after a time period of two conventional commercial rotation periods (i.e., 200 years). Since the energy production period lasts 100 years, this system can be seen as 100 forest stands at a mature state where each year we harvest one stand and then we leave it re-grows, i.e. each forest stand is harvested only once and it is carbon neutral over a time period of 200 years following harvest. Fig. 2 shows that biogenic CO 2 has a slower decay than fossil CO 2 in the first years because of the additional CO 2 emissions from decomposition of the dead organic materials left on site after harvest. The climate effect of the change in surface albedo cannot be directly shown in terms of atmospheric CO 2 concentration (although a methodology to express them in CO 2 equivalents can be found in [2, 18] ), and its contribution is shown for temperature changes only (along with the net effect). The presence of negative values is due to interactions between the atmosphere and the oceans, as discussed somewhere else [5] .
When the end point is the change in atmospheric CO 2 concentration, the function r(t) of equation (1) is the IRF of the GHGs (and the result is then multiplied by a factor in ppm per kg to get the outcome in ppm). The radiative forcing (F) can be determined from the change in concentration assuming that the forcing is linearly proportional to the abundance of the gas using the radiative efficiency A (i.e., F(t) = A·IRF(t)), as traditionally done in climate metric science [20] . In this work, we consider the effective forcing (given by the product between the radiative forcing and the corresponding climate efficacy) in order to properly combine the effects from GHGs and changes in surface albedo [2, 21] . Similarly, the temperature profiles for CO 2 , including the associated effects of albedo change, are taken from [11] and shown in Fig. 2 . The cooling contribution from the albedo change can offset a large part of the warming induced by biogenic CO 2 , with a long asymptotic general trend to zero, while a pulse emission of fossil CO 2 causes a warming that persists for centuries.
The results of this paper are therefore generated through convolution between the CO 2 emission profile (in mass units) from combustion and the responses r(t) (per mass unit of emissions) based on the IRFs, the effective forcing, and the temperature change. Profiles of these functions are specific for the conversion considered here (i.e., from a fully grown forest to a fully grown forest). Moreover, we compute results considering the total emissions through the life-cycle of the bioenergy and natural gas systems by convoluting the emission profile (this time in MJ per year) with the responses containing all these aspects and expressed per MJ of emission, as shown in [2] . 
Results and discussion
Climate impacts associated with direct CO 2 emissions
In this section, we show the climate impacts associated with direct CO 2 emissions from combustion for energy (at plant) of forest biomass or natural gas. Results covering the emissions per MJ of energy along the whole life cycle are shown in the next section. Fig. 3 shows the climate impacts associated to the direct CO 2 emissions from combustion of biomass or natural gas to meet the energy required by the future scenario for district heat supply. As mentioned above, the amount of energy produced, and hence the associated CO 2 emissions, constantly increase over time at a fix rate.
The graph in the upper left shows the net CO 2 fluxes to the atmosphere over time, both instantaneous and integrated (or cumulative). In the natural gas case there is an increase in the instantaneous emission rate that is proportional to the amount of energy produced (with an emission factor of about 73.1 g CO 2 per MJ, with the amount of MJ produced per year increasing over time), with cumulative emissions that grow up to the end of the energy production time period and then stays constant. In the bioenergy case, net CO 2 emissions are determined by two contributions: direct emissions from combustion at plant, which increase every year owing to the 1% increase in district heat production; CO 2 sequestration by the regrowing biomass in the post-harvest stands (this flux is positive for the first decades because of the oxidation of the dead organic materials left on site after harvest). Even if the same amount of energy is produced, net instantaneous CO 2 emissions of the bioenergy system are higher during the energy production period than those from natural gas, owing to the lower energy density of biomass. Further, the fact that energy production increases over the years reduces the effect of the CO 2 sequestered by regrowth (because emissions are always larger than the uptakes which are based on the previous emissions) and continuously postpone the achievement of the point where net biogenic CO 2 fluxes are smaller than emissions from natural gas. However, when emission stops the dynamics clearly diverge, with the bioenergy system characterized by instantaneous net negative emissions (and cumulative emissions that gradually decrease to zero) thanks to the regrowth of the forest stand. The time period over which net CO 2 fluxes are present is 300 years because the re-growth for the last stand harvested (at year 100) lasts for 200 years.
The graph in the upper right of Fig. 3 shows how these net fluxes affect the CO 2 atmospheric concentration. The higher specific emission factors in the bioenergy system cause a higher profile for the bioenergy case during the 100 years of the energy production period and some years after, but then the change in concentration for the bioenergy system reverts back to zero owing to the ongoing sequestration in the regrowing trees (the long asymptotic trend to zero in the negative domain is due to the interactions between the oceans and the atmosphere, as described in [5] ).
The lower part of Fig. 3 shows the impacts in terms of instantaneous effective forcing (left) and global surface temperature change (right), where the cooling contributions from albedo are considered. These graphs shows that the change in albedo can offset a significant part of the warming associated with biogenic CO 2 emissions, so yielding a net global climate impact for the bioenergy system that is always lower than that from natural gas. Curves for global surface temperature change are smoother than those for instantaneous effective forcing because of the slow energy inertia of the oceans. Fig. 4 shows the results of the climate impacts of the bioenergy and natural gas systems considering the emissions of GHGs along the entire production chain (i.e., life-cycle), from raw material acquisition, transport, processing and final combustion, and the contributions from changes in surface albedo associated with the land disturbance in question. Results are shown in an aggregate manner using the instantaneous effective forcing and the global surface temperature change as end points. When the two alternative options are compared, bioenergy shows a trend during the first decades that is close to (but always lower than) that from natural gas. Afterwards, the curves substantially differ: the bioenergy option reaches a peak that is smaller than that for the fossil alternative both in terms of effective forcing and global surface temperature. In terms of global surface temperature change, the peak in the bioenergy case is 41% smaller than that caused by burning natural gas. Further differences are shown by long term dynamics after cessation of energy production, with impacts from the bioenergy case which gradually revert back to the initial level (with even some negative values at certain times). The curves are slightly positive in the long term due to emissions of fossil CO 2 through life-cycle operations. This means that the impacts from bioenergy production are reversible, while those from fossil energy systems (here exemplified with natural gas) are not. Such an important aspect is worth to be considered in planning future energy strategies and policies at various levels, especially because it follows the basic principle of sustainable development of not damaging the environmental services and life quality of future generations with our today activities.
Climate impacts based on the whole life-cycle
Limitations
This study has several clear limitations. As already mentioned, this idealized scenario represents an extreme case and has been defined in order to gather important insights concerning the time profiles of the impacts from continuous emissions at an increasing rate. The technology configuration is based on currently best available technologies, and the conversion efficiencies and life-cycle emission intensities are assumed constant along the energy production period.
NEP profiles and albedo data are based on measurements done in one single location, which although it represents the major logging region in Norway, it might be that it will not be sufficient to supply the wood ideally needed. In this case, other region specific NEP profiles and albedo data should be used to compute the results, as the values used here cannot be taken as representative of the entire country due to the level of site-specificity that is usually associated with these factors. However, results concerning the biogenic C cycle are not expected to vary considerably for other sites, as the rotation period and NEP profile will not differ dramatically. When a fully grown forest is harvested and then left to re-grow, it might be that the stand will need more than 200 years to reabsorb all the CO 2 emitted. It follows that net emissions would be somewhat higher than those shown above for the first years, with the time period needed to gradually re-sequester the total cumulative emissions longer than 200 years.
Concerning changes in surface albedo, they are specific for the region in question and large variation can be foreseen for different regions, because the intensity of the albedo change is stronger at northern latitudes and at more elevated sites (which are affected by more intense snowfalls and a longer snowing season) and smaller in southern regions and on the coastal areas.
This analysis is based on the main practices regarding climate impact studies of energy systems using impulse response functions and simple climate and carbon models, and therefore embeds the associated limitations [19] . Recent works analyzed the importance of including long term feedbacks from sea level rise and permafrost, but these factors are still characterized by high uncertainty [22, 23] . However, these contributions can partially affect the absolute values shown in this paper but they will not change the differences and the relative performances between the bioenergy and natural gas system. Global climate can also be influenced by emissions of short-lived climate agents (like sulphur dioxide, black carbon, etc.), which are not considered in this analysis. Such emissions can impact the overall results in the very short term but are particularly difficult to estimate in terms of global contributions to climate change due to their high dependence on local factors [24] [25] [26] . District heat Bioenergy Natural gas Fig. 4 Climate impacts from life-cycle emissions for production of district heating from bioenergy and natural gas.
Conclusions
Bioenergy from forest biomass represents a promising climate change mitigation option to meet future growing energy demand in Norway in the district heat sector. Using forest biomass causes an increase in atmospheric CO 2 concentration that is higher than that from natural gas during the energy production period, which then gradually reverts back once emissions cease. The situation changes when climate forcing agents other than GHGs are considered in end points like effective forcing and global surface temperature change. The cooling contribution from changes in surface albedo can mitigate part of the warming from biogenic CO 2 fluxes, so showing a better climate change performance for bioenergy than natural gas. A further insight concerns the reversibility of the impact from the bioenergy system, where the re-growth of the forest allows the sequestration of the CO 2 originally emitted so reverting the changes caused in atmospheric CO 2 concentration, effective forcing, and global surface temperature. By contrast, impacts of CO 2 emissions from natural gas combustion are permanent, with the increase in global surface temperature that persists for centuries even if emissions stop.
